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Mitochondria are cell organelles involved in a large number of
cellular processes. These include energy metabolism, in particular
oxidative phosphorylation, numerous metabolic pathways involving
biosynthesis of FeS clusters, haem, urea, lipids, and amino acids,
signaling processes like Ca2+ signaling and also programmed cell
death (apoptosis). The diversity of mitochondrial functions is
reﬂected in the complex structure of these organelles. Mitochondria
are delineated by two membranes, the outer membrane and the
highly folded inner membrane. These two membranes deﬁne two
aqueous compartments, the intermembrane space (IMS) and the
innermost mitochondrial matrix. About 1000 (yeast) to 1500
(human) different proteins make up the proteome of mitochondria.
Only eight of these in yeast and 13 in humans are encoded in the
mitochondrial DNA and synthesized in the organelle. All other
mitochondrial proteins are encoded in the nuclear genome, synthe-
sized on the cytosolic ribosomes and subsequently transported into
one of the four mitochondrial subcompartments. At least six complex
molecular machines, called protein translocases, cooperate in the
sorting of proteins into the various mitochondrial subcompartments
(Fig. 1). Here, we provide an overview of mitochondrial protein
translocases and focus on the TIM23 complex, the major protein
translocase of the mitochondrial inner membrane which transports
essentially all matrix and a large number of inner membrane proteins.2. An overview of mitochondrial protein translocases
All nuclear encoded mitochondrial proteins are synthesized in the
cytosol as precursor proteins that carry targeting signals for targeting
to the organelle and subsequent intramitochondrial sorting. The vast
majority of mitochondrial targeting signals are recognized by the
cytosol-exposed domains of the receptors of the TOM (translocase of
the outer membrane) complex, Tom20, Tom22 and Tom70 (Figs. 1
and 2). The TOM complex is the main entry gate of the outer
mitochondrial membrane. The protein conducting channel of the TOM
complex is formed by a β-barrel protein, Tom40. The primary role of
the three small Tom proteins, Tom5, Tom6 and Tom7 seems to be in
the assembly and stability of the TOM complex but Tom5 and Tom7
were also reported to have a more direct role in protein translocation.
The TOM complex on its own is sufﬁcient for complete transport and
sorting of only a small number of precursor proteins. In most cases it
cooperates with other protein translocases to direct proteins into the
different mitochondrial subcompartments.
Cooperation of the TOM complex with the soluble Tim9–Tim10
and Tim8–Tim13 complexes in the IMS and the TOB/SAM complex in
the outer membrane leads to insertion of β-barrel proteins in the
outer membrane from the IMS side (Fig. 1). The same soluble small
TIM complexes are also involved in chaperoning the precursors of the
hydrophobic solute carrier proteins of the inner membrane from the
TOM complex through the IMS to the TIM22 complex in the inner
membrane. The TIM22 complex then mediates their membrane
potential-dependent insertion into the inner membrane (Fig. 1).
Cooperation of the TOM complex with the Mia40/Tim40-Erv1
disulphide relay system facilitates transport of proteins containing
conserved cysteine motifs into the IMS through formation of transient
disulphide bonds between the precursor proteins and Mia40 (Fig. 1).
Fig. 1.Multiple pathways of transport of precursor proteins into mitochondria. At least six mitochondrial translocases cooperate in transport and sorting of mitochondrial proteins.
Precursor proteins carrying N-terminal positively charged presequences (a) are transported by the TOM and TIM23 complexes. Transport of intermembrane space proteins with
speciﬁc cysteine motifs (b) depends on the TOM complex and the Mia-Erv disulphide relay system. Precursors of hydrophobic inner membrane carriers (c) use the TOM complex to
cross the outer membrane, small TIM complexes to cross the intermembrane space, and the TIM22 complex to insert into the inner membrane. β-barrel proteins (d) cross the outer
membrane through the TOM complex and, with the help of small TIM complexes in the intermembrane space, are delivered to the TOB/SAM complex that mediates their insertion
into the outer membrane. OM, outer membrane; IMS, intermembrane space; IM, inner membrane.
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membrane proteins are targeted to mitochondria by positively charged
N-terminal signals, called presequences or matrix targeting signals
(MTS). Their transport requires the cooperation of the TOM complex
with the TIM23 complex in the innermembrane (Fig. 1). Concerning the
number of subunits present and the diversity of substrates handled, the
TIM23 complex is probably the most intricate of all mitochondrial
protein translocases. Using ATP and a membrane potential as energy
sources, the TIM23 complex mediates translocation of precursor
proteins across and their insertion into the inner membrane. Precursor
forms of some inner membrane proteins are laterally inserted into the
innermembrane directly by the TIM23 complex. On the other hand, the
TIM23complex translocates some innermembraneproteins completely
into the matrix. Their subsequent insertion into the inner membrane
from thematrix side, a process known as conservative sorting, depends
on the OXA complex (Fig. 1). A further important function of the OXA
complex is the insertion of the innermembrane proteins encoded in the
mitochondrial genome.
The majority of these insights were obtained through research
with yeast Saccharomyces cerevisiae and ﬁlamentous fungus Neuros-
pora crassa. However, the mechanisms unraveled are conserved
throughout the eukaryotic kingdom, with possibly some species
speciﬁcities. Several comprehensive reviews describing mitochondri-
al protein translocases were recently published [1–6]. The present
review will concentrate on the recent advances in our understanding
of the TIM23 complex, the various targeting signals it can decipher
and the versatility of its topogenic functions.3. Precursor proteins transported by the TIM23 complex
The TIM23 complex is one of the very few protein translocases in
the cell capable of directing proteins across as well as into a
membrane. It transports precursor proteins into two different
mitochondrial subcompartments, the matrix and the inner mem-
brane. This differential sorting is mediated by different sorting signals
present in the precursor proteins.
The majority of precursor proteins transported by the TIM23
complex carry N-terminal presequences (Fig. 2). These are necessary
and sufﬁcient to target passenger proteins into the mitochondrial
matrix by the TOM and TIM23 complexes [7,8]. Although prese-
quences are usually present at the N terminus of precursor proteins,
they can target proteins into mitochondrial matrix also if placed at the
C terminus [9]. At least one authentic mitochondrial protein, DNA
helicase Hmi1, contains an MTS at the C terminus [10]. Presequences
are usually removed in the matrix by the matrix processing peptidase.
Some proteins are further processed by the mitochondrial interme-
diate peptidase, Oct1 [11] and a processing peptidase Icp55 [12].
Recent N proteome analysis of yeast mitochondria revealed that the
majority of presequences are 15 to 55 residues long and have a net
positive charge of +3 to +6 [12]. Presequences are usually not
conserved in their primary sequences, however, what is conserved is
their ability to form amphipathic helices with a positively charged and
a hydrophobic face [13,14]. This structural feature enables their
recognition by different receptors during translocation into mito-
chondria. Tom20 recognizes the hydrophobic face, whereas Tom22
Fig. 2.Mitochondrial TIM23 complex, its substrates and cooperating translocases. The TIM23 complex transports precursor proteins with positively charged presequences which are
present in precursor forms of soluble matrix proteins (a), of inner membrane proteins with multiple (b) or single transmembrane domains (c); a group of inner membrane proteins
contain an internal presequence-like element which together with the transmembrane domain serves as mitochondrial targeting signal (d). In intact mitochondria, transport
through the TIM23 complex is preceded by translocation through the TOM complex in the outer membrane. The TIM23 complex inserts some proteins directly into the inner
membrane whereas some are ﬁrst completely transported into the matrix and subsequently inserted into the membrane by the OXA complex. OM, outer membrane; IMS,
intermembrane space; IM, inner membrane.
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of presequences to the receptors with increasing afﬁnities was
suggested to contribute to the unidirectionality of protein transport
into mitochondria [18–20].
Some mitochondrial proteins contain, in addition to a prese-
quence, a lateral sorting signal which is recognized by the TIM23
complex leading to their lateral insertion into the inner membrane
[21] (Fig. 2). Interestingly, a subclass of inner membrane proteins are
transported by the TIM23 complex, however, are not arrested at the
level of the inner membrane [22]. Thus the TIM23 complex has the
ability to distinguish between different bona ﬁde transmembrane
segments, stall translocation of certain ones to insert them directly
into the inner membrane, while translocating others completely into
the matrix. Though the number of experimentally investigated
examples is not very large, several differences between “arrested”
and “translocated” transmembrane segments have emerged. The
“arrested” transmembrane segments seem to be slightly more
hydrophobic and devoid of proline residues in comparison to the
“translocated” ones which are moderately hydrophobic and frequent-
ly contain proline residues. Insertion of proline residues into
“arrested” transmembrane segments leads to missorting of proteins
into the matrix whereas their removal from “translocated” trans-
membrane segments leads to translocation arrest and lateral
insertion, at least in the examples studied [23,24]. Proline residues
are likely to break the structure of α-helices suggesting that it is a
structure of the helix that is recognized by the TIM23 complex. In
addition, a number of charged residues ﬂanking the transmembranesegment seem to be important for translocation arrest at the level of
the TIM23 complex [25]. On average, the hydrophobicities of
transmembrane segments of mitochondrial inner membrane proteins
are generally much lower as compared to those of bacteria and of
eukaryotic membrane proteins inserted by the secretory machinery.
Which subunit(s) of the TIM23 complex are responsible for
recognition of lateral sorting signals is currently completely unclear.
It should be noted that some of the “arrested” transmembrane
segments are proteolytically removed, likely after insertion, leading to
a release of soluble proteins into the IMS [26–29]. Thus, the TIM23
complex is also involved in sorting of proteins into the IMS.
With these different subclasses, the list of precursor proteins
sorted by the TIM23 complex is still not complete. There is no report in
the literature that the TIM23 complex can import precursor proteins
that contain an MTS artiﬁcially put into the interior of a hydrophobic
carrier protein. However, there is a subclass of inner membrane
proteins, so far comprising three proteins, Bcs1, Tim14 and Mdj2 [30–
32], with such internal targeting signals that are handled by the TIM23
complex. They are targeted to and sorted in mitochondria by virtue of
a signal composed of a transmembrane domain followed by a
presequence-like element and were proposed to be transported in a
loop like structure [30] (Fig. 2). It is still not clear whether these
precursor proteins are arrested at the level of the TIM23 complex or
are ﬁrst completely transported into the matrix followed by an export
step from the matrix into the inner membrane. Like all currently
known laterally sorted precursors, they are integrated into the
membrane with a single transmembrane domain, however with an
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precursors which have an N-in C-out topology. This versatility of the
TIM23 complex in handling membrane proteins is unique among
protein translocases.
4. The subunit composition of the TIM23 complex
The ﬁrst subunits of the TIM23 complex were identiﬁed almost
twenty years ago [33–37]. However, the list doubled in length during
the last couple of years. The current list of the components of the
TIM23 complex comprises ten subunits, Tim50, Tim23, Tim17, Tim44,
Tim14 (Pam18), Tim16 (Pam16), Tim21, Pam17, mtHsp70 and Mge1
(Fig. 2). They were initially identiﬁed in fungi, mostly in the yeast S.
cerevisiae. However, inspection of other sequenced genomes revealed
that they are all, with the possible exception of Pam17, highly
conserved from yeast to human. In the human genome and several
other higher eukaryotes, multiple genes were found for some TIM23
components [31,38]. For example, two genes specifying protein
homologues of Tim14 are present in human genome. Though the
differences between the proteins encoded remain unclear, they seem
to not have overlapping functions as inactivation of either one leads to
a distinct human disorder [39–41]. Also in the genome of yeast, a
homologue of Tim14, called Mdj2, is present [32]. Like Tim14, Mdj2 is
found in the TIM23 complex and can, upon overexpression, take over
the function of Tim14 [42]. However, its function under standard
growth conditions remains elusive; in contrast to Tim14, deletion of
Mdj2 has no obvious phenotype. Deletion of Tim14, as of all other
components of TIM23 complex, with the exception of Tim21 and
Pam17, is lethal to yeast cells under all conditions tested. Similar
observations were made in other eukaryotes [43–45].
Tim50 is anchored in the inner membrane with a single
transmembrane domain and exposes a large, conserved C-terminal
domain into the IMS [46–48]. The IMS domain alone is sufﬁcient to
support function of the full length protein [49]. As demonstrated by
functional assays and by crosslinking, Tim50 is positioned in the close
vicinity of the IMS side of the TOM complex where it recognizes
presequences as soon as they appear at the outlet of the TOM
translocation channel [47–50]. This receptor function of Tim50
depends on its association with Tim23 [49,50]. The association of
Tim50 with Tim23 is not only required for transfer of precursor
proteins from TOM to TIM23 but also for subsequent translocation
across the inner membrane [50,51]. Tim50 has also been implicated in
gating of the TIM23 translocation channel [52].
Tim23 is the central component of the TIM23 complex and, at least
in yeast, is a protein with an unusual topology. With its C-terminal
part, it is anchored in the inner mitochondrial membrane with four
transmembrane helices [33]. They form at least part of the aqueous
translocation channel of the TIM23 complex [53–55]. Using ﬂuores-
cence mapping, helix 2 was recently shown to be amphipathic with
one water-facing surface which also interacts with translocating
polypeptide chain [56]. Two segments can be distinguished in the N-
terminal part of Tim23 that is present in the IMS. The ﬁrst ca. 20 amino
acid residues of Tim23 can insert into the outer membrane making
Tim23 a protein that can span two membranes [57]. Though this
observation has been independently conﬁrmed several times since
then [47,50,51,58], it is still questioned by others [3,126]. The
insertion of Tim23 into the outer mitochondrial membrane is still a
not very well understood process, but the available data demonstrate
that it requires the association of Tim23 with Tim50 [47,50,51] and
that it depends on the translocation load imposed on the TIM23
complex [58]. The N-terminal segment of the IMS domain of Tim23
has also recently been crosslinked to the TOM complex in intact
mitochondria [50] providing further support for its role in transloca-
tion of proteins and its close vicinity to the outer membrane. The
second segment of the IMS-exposed part of Tim23 interacts with
Tim50 [47,59]. It also interacts with presequences and is involved inthe membrane potential-dependent dimerization of Tim23 [60]. The
C-terminal part of Tim23, anchored in the inner membrane, interacts
with Tim17 forming the core of the TIM23 complex [55,61,62]. Like
Tim23, Tim17 is predicted to span the inner mitochondrial membrane
with four transmembrane helices [35]. In contrast to Tim23, Tim17
has only a few residues facing the IMS. The two proteins show
signiﬁcant homology in their transmembrane segments, however,
they are not interchangeable [61]. The exact function of Tim17 still
remains unclear. Whereas recombinant Tim23 expressed in bacteria,
after solubilization of inclusion bodies and refolding, can form
presequence-sensitive channels in lipid bilayers [63], similar experi-
ments have not been reported for Tim17. Tim17 is required for
transport of precursor proteins both across and into the inner
membrane and for formation and voltage-gating of the translocation
channel of the TIM23 complex [54,64–66]. Taking into account these
results and the topology of Tim17, it is likely that Tim17 is part of the
translocation channel of the TIM23 complex as well. However, it is
also possible that Tim23 is the major pore forming subunit of the
translocase and that Tim17 is necessary for formation/stabilization of
the actual translocation channel. High resolution structures of the
channel will likely be required to resolve this issue.
Tim44 is a peripheral membrane protein attached to the matrix
side of the inner membrane [37,67,68]. The attachment to the inner
membrane is likely mediated by interaction of Tim44, possibly via its
N-terminal domain [69], with the Tim17–Tim23 core of the complex
[55] and a direct interaction of the C-terminal domain of Tim44 with
the cardiolipin-containing lipid phase [70]. Based on the recently
obtained high resolution structure of the C-terminal domain of Tim44,
a lipid binding pocket has been proposed [71]. However, subsequently
performed mutational analysis of the residues in this hydrophobic
cavity did not reveal any inﬂuence on the binding of Tim44 to lipid
vesicles [72]. Recent biochemical evidence combined with molecular
dynamics simulations suggested an alternative lipid binding surface in
Tim44 [72,73]. Tim44 can be viewed as a coordinating subunit at the
matrix side of the TIM23 complex. On one side it interacts with
Tim17–Tim23 core of the complex and on the other side with
mtHsp70 and the Tim14–Tim16 subcomplex, in this way recruiting
the chaperone and its cochaperones to the translocation channel
[31,69,74–76].
MtHsp70 is the ATP-hydrolyzing subunit of the complex [36]. Its
binding to Tim44, and thereby to the TIM23 complex, is regulated by
nucleotides [76–80] (Figs. 2 and 3). Like other Hsp70 chaperones,
mtHsp70 consists of an N-terminal nucleotide binding domain (NBD)
and a C-terminal substrate binding domain (SBD) [81,82]. The Hsp70
chaperones bind substrates with low afﬁnity in their SBD when ATP is
bound to NBD. Hydrolysis of ATP to ADP in the NBD results in closing
of the SBD and locking of the bound substrate. This cycling between
ATP and ADP bound states, i.e. between low and high afﬁnity states for
substrates, is used to mediate vectorial movement of translocating
chains into mitochondria [83]. Progression through the ATPase cycle
of mtHsp70 in the TIM23 complex is mediated and regulated by
several cochaperones, Tim14, Tim16 and Mge1. Mge1 is a soluble
matrix protein which serves as a nucleotide exchange factor of
mtHsp70 [84–86]. It is a mitochondrial homologue of the bacterial
GrpE nucleotide exchange factor whose function it can take over upon
expression in bacteria [87]. Mge1 releases ADP from mtHsp70
enabling binding of ATP [88]. This releases the bound substrate and
frees mtHsp70 to engage in a new cycle [89].
Tim14 is anchored in the inner membrane with a single
transmembrane domain exposing its conserved J domain into the
matrix and a less well deﬁned N-terminal segment into IMS
[31,90,91]. The latter has been proposed to mediate the direct
interaction of Tim14 with Tim17 [66,92]. The J domain is a
characteristic element of all J proteins and is essential for stimulation
of the ATPase activity of Hsp70s [93]. Tim14 stimulates the ATPase
activity of mtHsp70 [42,90,91]. Mutations which inactivate the
Fig. 3. Working model of ATP-dependent transport into the matrix. (1) The import
motor of the TIM23 complex is in its inactive state. (2) Recognition of the translocating
chain induces activation of Tim14 leading to stimulation of the ATPase activity of
mtHsp70. (3) mtHsp70 with bound polypeptide chain diffuses into the matrix. (4) This
allows the other components to return to the inactive state, and to initiate a new cycle.
The inactive and active forms of Tim14 are depicted as squares and circles, respectively.
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stimulation of the ATPase activity of mtHsp70 is an essential step in
the transport of precursor proteins into mitochondria [31,91].
Tim16 is a matrix protein peripherally attached to the inner
membrane [75,94]. It has a relatively well conserved hydrophobic
membrane attachment segment in the N-terminal part, followed by a
conserved J-like segment. The latter domain has a typical J domain
fold but lacks an HPD motif, an invariant signature of all active J
domains, andwas hence termed J-like domain. Tim14 and Tim16 form
an unusually stable subcomplex of the TIM23 translocase [42,75]. This
subcomplex could be reconstituted in bacteria from the J-like segment
of Tim16 and the J domain of Tim14 [95]. The presence of the
transmembrane domain of Tim14 and of the membrane attachment
segment of Tim16 is not required for the formation of the Tim14–
Tim16 subcomplex. The removal of either of the membrane
association segments of Tim14 or Tim16 is relatively well tolerated
by yeast cells [95]. Simultaneous removal of both, however, is lethal
[96]. Obviously, stimulation of the ATPase activity of mtHsp70 has to
occur at the membrane. Binding of Tim16 to Tim14 in vitro prevents
the stimulatory effect of Tim14 on the ATPase activity of mtHsp70
[97]. Mutations in Tim14 which prevent formation of the complex
with Tim16 but do not inﬂuence its J function are lethal [95]. The
regulation of the J function is thus apparently as important as this
function itself. A recent high resolution structure of Tim14–Tim16
subcomplex revealed that Tim16 does not mask the HPD motif of
Tim14 but rather keeps it in a constrained conformation incapable of
stimulating mtHsp70 [95]. Domain swapping experiments showed
that the J-like domain of Tim16 can, to a certain extent, be exchanged
by the active J domain of Tim14 in vivo [92]. This Tim16–Tim14
chimera and Tim14 dimerize in organello via their J domains
suggesting that the activity of J domains can be regulated by
homodimerisation as well. The presence of Tim16, recruitment tothe translocation channel via Tim44 and coupling of the ATPase cycle
of mtHsp70 to the translocation of the precursor proteins make this
ATPase cycle one of the most intricate ones among Hsp70 chaperones.
Elucidation of the various steps involved will certainly be an
important topic of future research.
The list of the known subunits of the TIM23 complex is completed
by the two components that are not essential for cell viability. Tim21
is anchored in the inner membrane by a single transmembrane
domain, exposing a C-terminal domain into the IMS [66,98]. The IMS
domain of Tim21 binds very efﬁciently to the TOM complex in vitro
[66,98] via electrostatic interactions between negatively charged
residues in the IMS domain of Tom22 and, possibly, a conserved
positively charged surface on Tim21 [99]. In vivo evidence for this
interaction is, however, still missing. Tim21 was also proposed to
mediate, at least in part, the interaction of the TIM23 complex with
respiratory chain complexes [100,101]. This association was sug-
gested to be important for insertion of precursor proteins into the
inner membrane at low membrane potential. Pam17 is anchored in
the inner membrane and exposed to the matrix [102]. Only a fraction
of this protein was found in association with the TIM23 complex [58].
It was proposed to affect the stability of Tim14–Tim16 subcomplex
and to promote their association with the Tim17–Tim23 core [102].
On the other hand, such an effect was not observed when this
association was analyzed under the conditions favoring the integrity
of the TIM23 complex [58]. There, Pam17 and Tim21 were reported to
exert mutually antagonistic effects in modulating the activity of the
TIM23 complex. Deletion of Tim21 has no effect whereas its
overexpression impairs translocation of precursor proteins by the
TIM23 complex [58,66]. The latter effect can be partly rescued by
overexpression of Pam17, in agreement with their opposing roles in
modulating the activity of the TIM23 complex [58]. Deletion of Pam17
impairs translocation of proteins into the mitochondrial matrix and is
synthetically lethal with temperature sensitive mutations in Tim23,
Tim50 and Tim44 [50,102,103].
5. Sorting pathways mediated by the TIM23 complex
So far we have described targeting and sorting signals in the
precursor proteins transported by the TIM23 complex and structure
and function of the individual subunits of the complex. Now, we will
discuss the pathways of the different subclasses of precursor proteins
from the surface of mitochondria to the various subcompartments of
the organelle (Fig. 2).
Presequence-containing precursor proteins synthesized in the
cytosol are recognized by the receptors of the TOM complex at the
cytosolic surface of mitochondria, ﬁrst by Tom20 and then by Tom22
[104]. With the help of Tom5, precursors are transported to Tom40
[105]. Tom40 forms the translocation channel through which
transport across the outer membrane occurs [106,107]. The TOM
complex has binding sites for presequences on both sides of the
membrane, the cis binding site and the trans binding site [108]. The
cis binding site is formed by the receptors on the cytosolic surface
of mitochondria. The trans binding site is on the IMS side of the TOM
complex and has a higher afﬁnity for presequences as compared to the
cis site [20]. Known constituents of the trans site are the C-terminal
domain of Tom22, the IMS-exposed loops of Tom40 and Tom7
[19,109].
Already at this stage presequences are recognized by the TIM23
complex. It is currently not clear whether Tim50 and Tim23 together
form the binding site for presequences or binding of Tim50 to Tim23 is
required for the former one to adopt a conformation suitable for
recognition of presequences. At this stage only Tim50, bound to
Tim23, can be crosslinked to presequences in intact mitochondria
[47,48], though the recombinant IMS domain of Tim23 was also
reported to bind presequences in vitro [60]. In the absence of a
membrane potential, translocation stops at this stage. The membrane
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the presequence across the inner membrane [109 and references
therein]. The exact function of the membrane potential and the actual
voltage sensor of the TIM23 complex still remain largely a mystery.
The membrane potential may exert an electrophoretic force on the
presequence. It also seems reasonable to assume that the membrane
potential is required for opening of the translocation channel of the
TIM23 complex. Membrane potential-dependent crosslinks between
IMS domains of two Tim23s were observed suggesting that this
domain of Tim23 is responsive to membrane potential [60]. Also,
deletion of a short N-terminal stretch of Tim17 located in the IMS
leads to ion leakage across the inner membrane suggesting that this
segment is required for gating of the translocation channel of the
TIM23 complex [64]. It is, however, more likely that the actual voltage
sensor of the translocase is located in the membrane where the major
effects are to be expected. It is in this respect interesting that
membrane potential-dependent crosslinks between Tim23 and Tim17
were recently reported, a ﬁnding possibly paving a way to tackle this
long standing question [110].
Once the presequence has reached the matrix, the requirement for
the membrane potential no longer exists, the presequence is
proteolytically removed and the translocating chain is handed over
to Tim44, mtHsp70 and its cochaperones. Though the steps of the
ATPase cycle of mtHsp70 which lead to the vectorial transport of
polypeptide chains across the inner membrane are still not clear,
recent data suggest the following model (Fig. 3). In the absence of a
precursor, Tim44 recruits mtHsp70, probably in its ATP form, to the
outlet of the translocation channel (Fig. 3, panel 1). Though the J
protein Tim14 is also present at the same site, it cannot stimulate the
ATPase activity of mtHsp70 as it is bound Tim16 (Fig. 3, panel 1).
When the precursor protein arrives at the matrix face of the
translocation channel, it is recognized by Tim44 and mtHsp70
(Fig. 3, panel 2). It is likely that binding of the precursor protein to
Tim44 induces a conformational change which is conveyed to the
Tim14–Tim16 subcomplex, probably via the Tim16–Tim16 interface
in the tetramer (see [95] for more details). This relieves the inhibitory
effect of Tim16 on Tim14 so that the latter can now stimulate the
ATPase activity of mtHsp70 (Fig. 3, panel 2). Hydrolysis of ATP to ADP
closes the SBD of mtHsp70, trapping the polypeptide chain (Fig. 3,
panel 3). MtHsp70, with the bound substrate, is then released from
the translocase and diffuses into the matrix, allowing Tim44, Tim14
and Tim16 to return to the original conformation (Fig. 3, panel 4).
Tim44 was reported to form a dimer and could recruit two molecules
of mtHsp70 [68]. It is therefore likely that already at this stage, i.e.
before recruitment of anothermolecule of mtHsp70, the next segment
of the translocating chain can be recognized initiating a new cycle.
Whether mtHsp70 acts as a Brownian ratchet which binds to the
segments of the incoming polypeptide chain and prevents their
backsliding or actively pulls on the incoming polypeptide chain has
been debated for a long time [111]. Recently, models which combine
both of thesemechanismswere also proposed [112,113]. Currently, all
observations on the properties of the precursors and of the import
machinery appear to be consistent with a Brownian ratchet
mechanism [79,114,115]. In any case it is clear that multiple ATP-
hydrolysis-driven cycles of binding to and release frommtHsp70 lead
to the vectorial transport of precursor proteins into the mitochondrial
matrix.
When the presequence is the only signal recognized by the TIM23
complex, the precursor protein will be completely translocated into
the matrix (Fig. 2). The protein may remain in the matrix or be
subsequently sorted into the inner membrane. The latter group
includes proteins containing hydrophobic transmembrane segments
that are exported from the matrix into the inner membrane in an
OXA-dependent step. With these proteins in most cases bacterial
homologues can be found, pointing to a conservative mechanism of
insertion from thematrix side into the innermembrane. Alternatively,precursors translocated by the TIM23 complex can have, after the
MTS, an additional signal that is recognized by the TIM23 complex as a
lateral sorting signal. When this happens, translocation into the
matrix is stalled and the channel opens laterally in order to insert the
protein directly into the inner membrane. Insertion into the inner
membrane of some of these precursor proteins can occur in the
absence of a functional mtHsp70 and its cochaperones (collectively
known as the components of the import motor of the TIM23 complex)
[25,31,75,90,94,116]. Such precursors have a very short segment
between the MTS and the lateral sorting signal and no tightly folded
domains after the transmembrane domain. Apparently, the mem-
brane potential as the only driving force is sufﬁcient for their
insertion.
Different views exist on how the TIM23 complex manages this
differential sorting of proteins. In the single-entity model, all essential
components of the TIM23 complex function as a single unit which
undergoes a series of conformational changes, modulated by the
antagonistic behavior of the nonessential subunits, in order to sort
precursor proteins into different mitochondrial subcompartments
[50,58] (Fig. 4A). According to this model, in the absence of a
precursor protein the entire TIM23 complex, including the import
motor, is assembled and is ready to accept a presequence-containing
precursor protein from the TOM complex. This is the empty or E state
of the TIM23 complex (Fig. 4A). Recognition of a presequence induces
a series of conformational changes in the TIM23 complex conducive to
translocation of a precursor protein into the matrix. A number of
cycles of the import motor then complete translocation of a precursor
protein into the matrix. This process is referred to as matrix (M)
translocation (Fig. 4A). Upon completion of translocation, the TIM23
complex reverts to E state. If, however, a lateral sorting signal in the
translocating precursor is recognized by the TIM23 complex,
translocation into the matrix is stalled and an additional conforma-
tional change takes place leading to lateral opening of the channel and
insertion of the precursor protein into the inner membrane (Fig. 4A).
This is the process of lateral (L) insertion. All currently known
precursor proteins which are laterally inserted by the TIM23 complex
contain a single transmembrane domain suggesting that the TIM23
complex may revert directly from L to E state. So far, no evidence for
the ability of the TIM23 complex to laterally insert inner membrane
proteins which contain a presequence and multiple transmembrane
segments has been obtained. Therefore, the arrow pointing from L to
M is not drawn. On the other hand, the existence of precursor proteins
that can be laterally inserted without an apparent requirement for the
import motor components suggests that the TIM23 complex can
switch directly from E state to L.
In contrast, the modular model suggests that the TIM23 complex is
composed of different modules which assemble upon demand
depending on whether the precursor protein is to be sorted into the
inner membrane or translocated into the matrix [3,66,118] (Fig. 4B).
According to this view, the TIM23 complex, consisting of only Tim17,
Tim23, Tim50 and Tim21 and denoted TIM23SORT, receives precursors
from the TOM complex and mediates translocation of presequences
across the inner membrane (Fig. 4B, states 1 and 2). This complex also
can laterally insert precursor proteins into the inner membrane
(Fig. 4B, state 3). In contrast to lateral insertion, translocation into the
matrix, in this model, requires an additional signal to release Tim21
and sequentially recruit components of the import motor, referred to
as a separate presequence translocase associated motor (PAM) [3,66].
In this way assembled complete TIM23 complex, denoted TIM23-
PAM, is able to mediate translocation into the matrix (Fig. 4B, state 4).
Though both models agree on the TIM23 complex being highly
dynamic, they differ in several basic aspects. We will highlight here
two major differences. The ﬁrst difference regards the default
transport pathway of the TIM23 complex. The ﬁrst, single-entity
model implies that translocation into the matrix is the default
pathway of the TIM23 complex and that lateral insertion requires
Fig. 4. Two models of differential sorting by the TIM23 complex of precursor proteins destined to the matrix and the inner membrane. A. The single-entity model suggests that the
fully assembled TIM23 complexmediates sorting of precursor proteins by undergoing conformational changes as a response to the targeting signals recognized in precursor proteins
(adapted from [58]. Presequences are shown in red, lateral sorting signals in cyan. Arrows in the same colors represent conformational changes of the TIM23 complex induced by
recognition of the respective signals. Black arrows represent reversion to the empty state upon completion of translocation or insertion. B. The modular model suggests that the
TIM23 complex consists of different modules which assemble upon demand depending on whether the precursor protein is to be sorted into the inner membrane or the matrix
(adapted from [3,66]).
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according to the modular model, lateral insertion is the default
mode of the translocase since translocation into the matrix requires a
signal in the translocating precursor which would recruit the import
motor. Lateral insertion, mediated by a motor-free TIM23 complex,
would not require such a signal. What do experiments tell us on this
topic? Non-mitochondrial passenger proteins can be targeted to the
matrix by attachment of a natural or an artiﬁcial presequence as the
only targeting signal, as demonstrated over twenty ﬁve years ago
[118] and by numerous examples since then. Can the presequence be
the signal to recruit the import motor [119]? Presequences are
present in both matrix-targeted and in laterally sorted precursors.
Therefore, it is hard to imagine why they would recruit the import
motor only in one case and not in the other. Thus, the default
transport pathway of the TIM23 complex appears to be translocation
into the matrix and not lateral insertion, favoring the single-entity
model. The second point concerns the question as to whether the
import motor is an intrinsic part of the TIM23 complex or exists as a
separate PAM complexwhich associates with the TIM23 complex only
under certain conditions. According to the modular model the
complete TIM23 complex is assembled only in the presence of a
matrix-translocating precursor and does not exist in its absence. This
implies that co-isolation of the import motor components with Tim23
will be signiﬁcantly enhanced in the presence of saturating amounts
of a matrix-translocating precursor. In contrast, according to the
single-entity model, the complete TIM23 complex is always assem-
bled and the presence of the precursor will not signiﬁcantly inﬂuence
the co-isolation of the components of the import motor with Tim23.
Experimental results demonstrated that the presence of saturating
amounts of matrix-targeted precursor is neither required nor
improves the co-isolation of the components of the import motor
with the components of the translocation channel [58,120]. Themodular model is based on the observation that the import motor
components cannot be co-puriﬁed with the TIM23 complex when the
ProteinA tag on Tim21 is used for puriﬁcation [66,120]. However, use
of another tag on Tim21 such as a FLAG-tag or a His-tag leads to co-
puriﬁcation of the components of the import motor with other TIM23
components [66,121]. Clariﬁcation of the dynamics of the TIM23
complex during differential sorting of proteins will be an important
aspect of the future research.
6. Concluding remarks
Research on the structure and function of the TIM23 complex has
ﬂourished during the last couple of years and it seems that this trend
will remain unchanged in the years to come. Discovery of the
inventory of TIM23 components is likely to come to completion,
providing a starting point for a more detailed analysis of their
functions. The TIM23 complex was recently found to dynamically
partition between the inner boundary membrane (the part of inner
membrane closely apposed to the outer membrane), where it can
interact with the TOM complex, and the cristae membrane depending
on the imposed translocation load [122]. Association of the TIM23
complex with respiratory chain complexes [100,101,123] and the
ATP/ADP carrier [124] were reported suggesting higher orders of
organization of protein complexes in the extremely protein rich inner
membrane. Recent results also point to a role of lipids in the function
and stability of the TIM23 complex [117,125] opening a new area of
research. A number of interesting basic questions still remain to be
answered: Is the translocation channel formed by Tim23 and Tim17 or
is Tim23 sufﬁcient? If the latter is true, what then is the function of
Tim17? How does the channel open laterally? Which subunits of the
TIM23 complex recognize signals for lateral sorting? Is the recognition
achieved at the level of the translocation channel or maybe before?
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“translocated” transmembrane segments? Can the TIM23 complex
laterally insert only precursor proteins with single transmembrane
domains or can multiple transmembrane domains be laterally
inserted as well? Does the TIM23 complex function as a single entity
or has it a modular structure? What does the membrane potential
actually do to the TIM23 complex? How is the ATPase activity of
mtHsp70 regulated by the various cochaperones and how is it coupled
to translocation of precursor proteins through the TIM23 channel?
How does the TIM23 complex cooperate with the TOM complex
during translocation of proteins into mitochondria? Does a similar
cooperation exist also during conservative sorting, in other words is
translocation by the TIM23 complex coupled to insertion by OXA?
These are some of the questions to which we hope to see the answers
during the next years.Acknowledgements
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